Abstract-Recurrence of aneurysm rupture can be attributed to coil migration and compaction. In order to verify the effects of hemodynamics on coil compaction and migration, we analyze the forces and displacements on the coil bundle using a computational method. Lateral aneurysms partially filled coils are modeled, and blood flow fields and coil deformations are simulated considering fluid and solid interaction. Effects of coil locations and parent vessel geometry are also investigated. The results showed that mean coil displacements were larger at the distal neck coil location, which implied that coil at the neck might experience more migration. Parent vessel geometry affected the mean coil displacement negligibly, but it influenced mean pressure force profiles on the coil surface. Pressure forces were higher in the straight parent vessel model during diastole, which might promote coil compaction.
INTRODUCTION
Cerebral aneurysm is a vascular disease characterized by local dilatation of the arterial wall in the intracranial space. It may rupture and cause subarachnoid hemorrhage, which is associated with high mortality and morbidity [1] [2] [3] . Endovascular treatment of saccular aneurysms with Guglielmi detachable coils (GDC) has been used as a prophylactic treatment since early 1990s. Coils packed into the aneurysm sac induce flow stasis and thrombus formation [4] [5] [6] ; therefore, completely obliterate the aneurysm sac. However, recurrence of subarachnoid hemorrhage after coiling has been reported [7, 8] . The aneurysm recanalization can be attributed to coil compaction and aneurysm regrowth [9] . Complete filling of aneurysm sac with coils are difficult, and coil packing density, which is defined as the ratio between the volume of inserted coil and aneurysm, higher than 20% has been recommended to prevent coil compaction [10] . Compaction of the coil is related to the deformation and migration of coils due to the hemodynamic forces.
Hemodynamic analyses of aneurysm filled with coils have been performed by previous researchers. Hemodynamics of partially blocked aneurysms was analyzed by using a computational fluid dynamic (CFD) method [11, 12] . Intraaneurysmal hemodynamics was computationally investigated by modeling coils as a porous medium [13, 14] . Thromboembolization inside of coils was simulated using the viscosity model defined as a function of both residence time and clotting fluid concentration [15] . Most of previous aneurismal hemodynamic studies focused on the flow patterns, intra-aneurismal flow and vessel wall shear stress in order to elucidate the hemodynamic role of thromboembolization and aneurysm regrowth. Coil compaction and migration is one of the major causes of aneurysm recanalization, but hemodynamic study on coil compaction has not been performed. In this study, we analyze the forces and strains on the coil bundle caused by blood flow in order to verify the effects of hemodynamics on coil compaction and migration. Effects of coil locations and parent vessel geometries on coil compaction and migration are also explored.
II. METHODS

A. Aneurysm models
The lateral aneurysm models in the intracranial space were modeled in this study. Pear shaped saccular aneurysms were formed on the lateral side of a straight and a curved parent vessels. Since the size and shape of aneurysms of cerebral artery are different for individuals, the average values of aneurysm sac and internal carotid artery sizes, which were measured and analyzed statistically [16] , were used. The neck width, dome diameter, dome height, and parent artery diameter of pear aneurysms were 3.1, 5.3, 5.3 and 3.6 mm. For curved parent vessel the ratio of the parent vessel diameter to the radius of curvature was 0.17. The coil was modeled as a sphere, and the inserted coils were assumed to be densely packed. The diameter of a sphere is 75% of aneurysm dome diameter. Four coil locations were modeled [11] -proximal neck (PN), distal neck (DN), proximal dome (PD), and distal dome (DD).
B. Numerical analysis
Numerical analysis was performed using a commercial finite element package (ADINA 8.5) which is a capable of solving the fully coupled fluid structure interaction (FSI) problems. The governing finite element equations for both the solid and fluid models were solved by Newton-Raphson iteration method. Blood was assumed to be incompressible, Newtonian fluid with a viscosity of 0.004 Pa s with density of 1060 kg/m 3 , and the fluid domain was assumed to be laminar. The solid domain was treated as linear elastic with Young's modulus of 7 kPa. Poisson's ratio was 0.49 and density was 1050 kg/m 3 [17] . The element size of fluid and solid was 0.1 mm, and 4-node and 8-node rectangular elements were used. Further refinement of grid did not affect the computational results. The coil was modeled as the solid using the formulation with large displacement and small strains in the FSI calculation. Continuity and Navier-Stokes equations were solved for the fluid. Wall boundary conditions were imposed on the vessel walls. Fully developed velocity profiles were applied at the inlet boundary, and normal traction condition were applied at the outlet boundary. A physiological flow waveform was used [11] . The area average velocity profile at the inlet of the parent vessel for a flow cycle is shown in Fig. 1 . Unsteady simulations were performed with the time step size of 0.001 s, the solution was converged after three flow cycles. Computations were performed using 3.4 GHz Intel core CPU and 16 GB of RAM with Window 7 64 bit operating system.
III. RESULTS
In order to estimate coil migration caused by hemodynamic force, mean coil surface displacements (MSDs) were calculated. Coil surface displacements were not uniform along the coil circumference, but they showed the largest values where the blood stream from a parent vessel impinged. Though the surface displacements were not uniform, MSD could represent the overall characteristics of coil migration. MSD profiles in the straight and curved parent vessel model are shown in Fig. 2 . They were high at neck coil locations (PN and DN) comparing to dome coil locations (PD and DD), probably due to the high inflow velocities into aneurysm sac near the neck position. MSDs were largest at the distal neck coil location during systole because of high momentum influx from the distal neck of an aneurysm. The MSDs in the neck location of the curved parent vessel model showed slight decrease comparing to those of the straight parent vessel model, but they showed significant decrease at the dome location. Intraaneurysmal flow was significantly reduced in the curved parent vessel model due to the centripetal acceleration; therefore the flow force acting on the coil should be lower.
Mean pressure force on the coil surface (MPF) was calculated because it might be related to coil compaction. Coil locations did not affect the MPF significantly, but parent vessel geometry affected the MPF profile (Fig. 3) . MPFs were lower during systole but they were higher during diastole in the straight parent vessel model comparing to the curved vessel. Increased MPF during diastole in the straight model might be related to the sustained vortex inside the aneurysm sac model. The arrow of Fig. 4 showed the circumferential region with relatively high vorticity. The intensity of the vorticity was higher during diastole in straight parent vessel comparing to the curved vessel.
Computational results show that coil displacement is higher in the coils located at the neck; therefore coils located in the aneurysm neck are more probable to migrate. Pressure forces are not dependant on the coil locations seriously, which implies that coil compaction may not affected by coil location. Parent vessel geometry influences the pressure force significantly. Pressure force remains significantly high during diastole in a straight model due to vortex motion in the aneurysm; therefore side wall aneurysm of a straight vessel may experience continuous pressure force during diastole, which may promote coil compaction.
IV. CONCLUSIONS
Incomplete filling of coils inside of the aneurysm sac causes coil migration and compaction, and they may be related to the hemodynamic forces. In order to investigate these effects, computational analyses on coil deformation and displacement caused by hemodynamic force were performed in the lateral aneurysm models which were partially filled with coils. Computational methods considering fluid structure interactions were employed. Simulation results showed that coils located at the neck might migration further, and mean coil displacements were the largest in the distal neck coil model. Coil location did not affect the mean pressure force significantly. Parent vessel geometry affected the mean coil displacement negligibly, but it influenced mean pressure force profiles on the coil surface. Pressure forces remained high at the neck locations in the straight parent vessel models during diastole; therefore, coils located at the proximal neck in a straight parent artery may experience more compaction.
